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We report thermal expansion and magnetostriction of the cubic non-Kramers system PrIr2Zn20
with a non-magnetic Γ3 ground state doublet. In previous experiments, antiferroquadrupolar order
at TQ = 0.11 K and a Fermi liquid state around Bc ≈ 5 T for B ‖ [001], indicative of possible
ferrohastatic order, were discovered. For magnetic fields B ‖ [001], the low temperature longitudinal
and transverse thermal expansion and magnetostriction are highly anisotropic. The resulting volume
strain is very small, indicating that the Pr valence remains nearly constant as a function of magnetic
field. We conclude that the Fermi liquid state around Bc forms through a very little change in c-f
hybridization. This result is in sharp contrast to Ce- and Yb-based Kramers Kondo lattices which
show significantly larger volume strains due to the high sensitivity of the Kondo temperature to
hydrostatic pressure.
In recent years, comprehensive studies on heavy
fermion (HF) materials imparted fundamental under-
standing on their competing ground states which are clas-
sified as strongly hybridized, magnetically ordered and
in special cases quantum critical1. As proposed by Do-
niach in 1977, the ground state depends on the inter-
action strength J between localized magnetic moments
and conduction electrons which can be tuned by the
variation of an external control parameter, e.g. mag-
netic field, pressure or chemical substitution2. Exten-
sive research on materials with quadrupolar degrees of
freedom followed, in order to verify the applicability of
the Doniach picture. Even though a generic phase di-
agram has not been established yet, a variety of novel
quadrupole driven states were detected, such as exotic
antiferroquadrupolar (AFQ) order in PrPb3
3, HF super-
conductivity in PrOs4Sb12
4 and PrV2Al20
5 and signa-
tures of two-channel Kondo effect in PrIr2Zn20
6.
In particular, the material class of cubic Pr-based
1-2-20 systems, with the non-Kramers Γ3 ground
state doublet, provides key prerequisites to explore
purely orbital driven physics7,8. Considerable ef-
forts have been expended on characterizing the mate-
rials PrIr2Zn20, PrRh2Zn20, PrV2Al20 and PrTi2Al20,
which share the coexistence of quadrupolar order and
superconductivity5,9–11. The high coordination number
and the local Td symmetry of the Pr-ions facilitate the
hybridization of electric quadrupole moments and con-
duction electrons, whereby thermopower measurements
suggest enhanced hybridization effects for the Al-based
systems as compared to the Zn-based systems12.
Up to now it remains elusive, whether a quadrupolar
quantum critical state, driven by strong correlations be-
tween the fluctuating order parameter and conduction
electrons, can evolve in those systems. First indications
could be found for PrTi2Al20
13, where the application of
hydrostatic pressure significantly enhances the supercon-
ducting transition temperature from Tc = 0.2 K (p = 0)
to 1.1 K (p = 8.7 GPa) as well as the effective mass from
m∗/m ≈ 16 to around 110 . Further hydrostatic pres-
sure suppresses the ferroquadrupolar order. To reveal
universal characteristics of the quadrupolar Kondo lat-
tice materials, systematic studies in magnetic field and
under hydrostatic/uniaxial pressure are necessary.
In this work we focus on the quadrupolar Kondo lattice
PrIr2Zn20, which crystallizes in the cubic CeCr2Al20-type
structure with Fd3¯m space group14. The crystalline elec-
tric field (CEF) ground state is the non-Kramers Γ3 dou-
blet, which carries two quadrupoles (O02, O
2
2) and one oc-
tupole (Txyz). The energy gap between the ground state
and the first excited Γ4 triplet state is ∆CEF = 28 K
8. At
low temperatures, non-Fermi liquid behavior, a key sig-
nature of the two-channel Kondo effect, was observed6.
Origin of this ”strange” metallic state is the overscreening
of quadrupole moments by spin up and down conduction
electron bands. Theoretically, the two-channel Kondo
ground state is associated with a residual entropy15 of
S = 0.5R ln 2. In the case of PrIr2Zn20 this entropy is
released by AFQ order at TQ = 0.11 K. When apply-
ing a magnetic field Bc ≈ 5 T along the [001] direction9,
the AFQ order is suppressed. In vicinity of Bc, pro-
nounced anomalies in Seebeck coefficient16, specific heat9
and elastic constants17 as well as a peculiar Fermi liq-
uid state in the electrical resistivity6 were observed. An
explanation for those phenomena might be a field in-
duced ferrohastatic order, where localized 4f2-moments
hybridize exclusively with the spin up conduction elec-
tron band, forming a Fermi liquid with a small hybridiza-
tion gap18,19. Since hastatic order involves a spinorial hy-
bridization, which breaks double time reversal symmetry,
it is distinctly different from the Kondo hybridization in
Kramers materials. The concept of the hastatic order20
was originally introduced to explain the low temperature
”hidden order” phase of the tetragonal material URu2Si2.
In order to trace the evolution of hybridization in
PrIr2Zn20 as a function of magnetic field and tempera-
ture, we use the thermodynamic properties volume ther-
mal expansion and magnetostriction. In general, hy-
bridization and rare-earth ion valence are closely related
properties, since an alteration of hybridization leads to
a valence change. On the other hand, the valence of the
rare-earth ion scales with its volume. Therefore, volume
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2thermal expansion and magnetostriction are very suitable
probes to detect changes in hybridization.
To perform the thermal expansion and magnetostric-
tion measurements, we utilized a dilution refrigerator
equipped with a 13 T superconducting magnet. Lin-
ear thermal expansion α = 1/L (d∆L/dT ) and magne-
tostriction λ = 1/L (d∆L/dB), where ∆L denotes the
relative length change and L the sample length at room
temperature, were measured by use of a miniaturized ca-
pacitance dilatometer made of copper beryllium21. To
deduce the relative length change from the measured ca-
pacitance value, we applied the Pott and Schefzyk princi-
ple which takes account of the maximal adjustable capac-
itance of the dilatometer22. Linear thermal expansion co-
efficient α and magnetostriction coefficient λ were deter-
mined by numerical differentiation of the relative length
change with respect to temperature and magnetic field.
The investigated single crystalline sample was grown by
a Zn self-flux technique, as described by Saiga et al.23,
with a length of L = 1.295 mm along the [001] direction
and a residual resistivity ratio of RRR = 54.
First, we present and discuss the results of the thermal
expansion measurements. Fig. 1 shows the temperature
dependence of the longitudinal thermal expansion coeffi-
cient (α‖) for B ‖ [001]. For B ≤ 4 T, α‖ shows a dis-
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FIG. 1. Temperature dependence of the longitudinal thermal
expansion coefficient (α‖) for magnetic fields B ‖ [001]. The
onset of antiferroquadrupolar order is marked by arrows.
continuity at TQ ≈ 0.11 K, indicating the onset of AFQ
order. This result is in line with previous specific heat
and electrical resistivity measurements9. At Bc ≈ 5 T,
the AFQ order is suppressed and a maximum, with a
strongly enhanced value of α‖ ≈ 43 · 10−6 K−1, emerges.
For higher magnetic fields the maximum broadens and
shifts to higher temperatures. A distinct feature is the
magnetic field induced divergence of α‖ for T → 0 within
the AFQ ordered phase. A nuclear Schottky contribution
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FIG. 2. (a) Temperature dependence of the longitudinal and
transverse thermal expansion coefficients (α‖ and α⊥) for
magnetic fields B ‖ [001] , with 3 T ≤ B ≤ 7 T. (b) Tempera-
ture dependence of the volume thermal expansion coefficient
(β = a‖ + 2α⊥).
is excluded as the cause, since the divergence vanishes for
B ≥ 5 T, which is at odds with the monotonic increase
of a nuclear contribution as a function of magnetic field.
In order to calculate the volume thermal expansion
coefficient (β = α‖ + 2α⊥), it is necessary to determine
both the longitudinal and transverse thermal expansion
coefficients (α‖ and α⊥) for B ‖ [001]. A comparison of
α‖ and α⊥ for intermediate magnetic fields is presented
in Fig. 2 a. It shows that α⊥ is the mirror image of α‖
with roughly half of its magnitude. The resulting volume
thermal expansion β, which is approximately one order
of magnitude smaller than the linear thermal expansion,
is shown in Fig. 2 b. The relatively small volume changes
around Bc ≈ 5 T indicate that the possible ferrohastatic
order is not associated with a noticeable change in hy-
bridization. This observation is distinct from magnetic
Kondo lattice materials, which display large volume ther-
mal expansion due to the high hydrostatic pressure sen-
sitivity of the Kondo temperature24. Prime examples are
CeCu6 and CeRu2Si2, which exhibit a volume expansion
of β = 10−5 K−1 below 5 K25,26. This is one order of
magnitude larger than the value observed for PrIr2Zn20.
3In the following, we compare the experimental results
for α‖ and α⊥ with a mean-field calculation which is
based on a two sub-lattice model. The hamiltonian is
given as
HA(B) =HCEF − gJµBJH − gΓ3
[
O02u +O
2
2v
]
−KΓ3
[
O02
〈
O02
〉
B(A)
+O22
〈
O22
〉
B(A)
]
−KJ 〈J〉B(A) ,
(1)
where gJ is the Lande´ factor, µB the Bohr magneton,
gΓ3 the quadrupole-strain coupling constant, KΓ3 the in-
teraction coefficient between Γ3-type quadrupoles and K
the magnetic interaction coefficient. u = (2zz − xx −
yy)/
√
3 and v = xx − yy denote the Γ3 symmetry
strains. The relative length change ∆L/L is proportional
to the strain
Γ3 =
NgΓ3
C0Γ3
〈OΓ3〉 , (2)
where N = 2.751 · 1027 1/m3 is the number of Pr-ions
per unit volume, C0Γ3 = 50.74 GPa the elastic modulus
and 〈OΓ3〉 the thermal average of the respective Stevens
operator17. The CEF effect is described by the Hamilto-
nian
HCEF = W
[
x
O04 + 5O
4
4
60
+ (1− |x|)O
0
6 − 21O46
1260
]
, (3)
where W = −1.22 K and x = 0.53727,28.
The longitudinal and transverse relative length
changes for magnetic fields B ‖ [001] are estimated by
∆L
L
∣∣∣∣
[001]
=
1
3
B +
1√
3
u, (4)
∆L
L
∣∣∣∣
[100]
=
1
3
B − 1
2
√
3
u +
1
2
v, (5)
where B = xx + yy + zz is the isotropic volume ther-
mal expansion of the Γ1 symmetry. In zero magnetic
field, a tetragonal distortion does not exist and the lin-
ear thermal expansion corresponds to B/3. As Fig. 1
illustrates, the zero field linear thermal expansion is van-
ishingly small as compared to the linear thermal expan-
sion in magnetic fields B ≥ 4 T. Thus, B is not in-
cluded in the calculation, just as v, which is insignifi-
cantly small as compared to u. The quadrupole inter-
action is set to KΓ3 = −0.0067 K in order to reproduce
the experimentally observed AFQ ordering temperature
of TQ = 0.11 K in zero magnetic field. Both, the mag-
netoelastic constant (gΓ3 = −38 K) and the magnetic in-
teraction (K = −0.19 K) are determined by fitting the
experimental data at high magnetic fields. Those values
are comparable to the ones which were calculated by the
elastic constants measurement (|gΓ3 | = 30.9 K) and by
the paramagnetic Curie temperature (K = −0.35 K)17.
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FIG. 3. Mean-field simulation of the longitudinal and trans-
verse thermal expansion coefficients (α‖ and α⊥) for magnetic
fields B ‖ [001]. The inset shows a comparison of mean-field
simulation and experimental data for selected magnetic fields.
The simulation results are shown in Fig. 3, where
the inset gives a direct comparison between experimen-
tal data and simulation. The opposite signs of α‖ and
α⊥ match with the experimental data and at the highest
magnetic field of 10 T, temperature dependence and ab-
solute value fit very well. For magnetic fields close to Bc,
the experimentally determined extrema appear at much
lower temperatures than the simulated ones. Moreover,
the divergent behavior of α within the AFQ ordered state
cannot be explained by the mean-field calculation. On
approaching absolute zero temperature, entropy should
go to zero as described by the third law of thermodynam-
ics. Therefore, the linear thermal expansion coefficient α,
which measures the initial uniaxial stress derivative of en-
tropy, should vanish as well24. Only if entropy remains
finite at absolute zero temperature, α can remain finite.
Thus, the large value of α is a possible indication of resid-
ual entropy with a high sensitivity to uniaxial stress. This
result is supported by specific heat measurements, which
suggest a finite residual magnetic entropy for magnetic
fields 1 T ≤ B ≤ 5 T, as well6.
Next, we turn to the linear and volume magnetostric-
tion of PrIr2Zn20. Fig. 4 a shows the longitudinal and
transverse magnetostriction coefficients (λ‖ and λ⊥) for
magnetic fields B ‖ [001] at different temperatures. λ‖
and λ⊥ show opposite signs, whereby the contraction ap-
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FIG. 4. (a) Magnetic field dependence of the longitudinal
and transverse magnetostriction coefficients (λ‖ and λ⊥) for
B ‖ [001] at various temperatures. The volume magnetostric-
tion is determined as λV = λ‖+2λ⊥. Additionally, linear and
volume magnetostriction of YbIr2Zn20, which were extracted
from Ref. 29, are shown. (b) Mean-field simulation for λ‖ and
λ⊥ at various temperatures
pears along and the expansion perpendicular to the mag-
netic field direction. At the lowest temperature of 0.07 K,
a sharp extremum appears at Bc ≈ 4.7 T. This value co-
incides with the critical field of AFQ order6. With in-
creasing temperature the extremum broadens and shifts
to higher magnetic field.
In order to estimate the influence of the CEF effect, we
performed the same mean-field simulation which was al-
ready used to calculate the linear thermal expansion coef-
ficients. The simulation results are presented in Fig. 4 b.
For T ≤ 0.9 K the experimentally determined extrema
positions appear at much higher magnetic fields than the
calculated ones, which points towards an additional con-
tribution at intermediate magnetic fields and low temper-
atures. This mismatch was also observed for the linear
thermal expansion and gives evidence that the behaviors
close to Bc cannot be explained by the CEF effect.
Before we discuss the volume magnetostriction, we
would like to address the effect of a possible misalign-
ment between crystallographic [001] direction of the sam-
ple and magnetic field on Bc. As Bc is highly anisotropic,
with Bc,[001] < Bc,[110] < Bc,[111], such misalignment
should cause an increase of Bc. This error is likely more
of an issue for the measurement perpendicular to mag-
netic field, where the exact alignment of the [001] di-
rection is more complicated than for the measurement
parallel to magnetic field. Since the linear coefficients
display a sharp anomaly at Bc, even a very little shift
of Bc for λ⊥ can cause a substantial error in the esti-
mation of the volume magnetostriction λV = λ‖ + 2λ⊥.
To quantify this error, we compare Bc of λ‖ and λ⊥ at
the lowest measured temperature of 0.07 K. It shows that
Bc,λ‖ = 0.968 ·Bc,λ⊥ . Based on this result, the B-value of
the λ⊥ data presented in Fig. 4 a is scaled by a constant
factor 0.968. An explicit discussion of this error and the
raw data can be found in the supplemental material.
Despite the huge uniaxial deformations, the volume
of PrIr2Zn20 remains nearly constant in the whole mag-
netic field range. For comparison, linear and volume
magnetostriction29 at T = 4 K of the isostructural mate-
rial YbIr2Zn20 are additionally shown in Fig. 4 a. The
ground state of YbIr2Zn20 is a Kramers doublet which
hybridizes with conduction electrons at low temperatures
to form a heavy-Fermi liquid. The negative volume mag-
netostriction suggests the gradual increase of the Yb va-
lence from a hybridized Yb2+ towards a Yb3+ state as
a function of magnetic field29. By contrast, the volume
magnetostriction of PrIr2Zn20 is vanishingly small, in-
dicating that the valence of the Pr-ion remains nearly
constant as a function of magnetic field.
Our study of thermal expansion and magnetostriction
suggests that the high field phase of PrIr2Zn20 can be
well described by a mean field CEF model. At interme-
diate magnetic fields and low temperatures, experiment
and simulation show substantial differences confirming
previous speculations on the formation of a new phase6.
As already mentioned at the beginning of this article,
ferrohastatic order which breaks the symmetry of the
two equivalent channels of two-channel Kondo effect is
a possible scenario18. Experimental signature of ferro-
hastatic order is a Fermi liquid state which was detected
in the electrical resistivity. Recent theoretical work pre-
dicts that the Kondo temperature of this Fermi liquid
state shows a very small magnetic field dependence19. In
this case a rather field independent hybridization would
be expected, compatible with the small volume magne-
tostriction.
To conclude, longitudinal and transverse thermal ex-
5pansion and magnetostriction of PrIr2Zn20 for B ‖ [001]
are highly anisotropic. The respective volume changes
are distinctly small as compared to Ce- and Yb-based
Kramers Kondo lattice materials. This indicates that the
previously observed peak in the field dependence of See-
beck coefficient16 is not accompanied by a sizable change
of c-f hybridization. Besides, a yet unexplainable diver-
gence of linear thermal expansion inside the AFQ ordered
phase was found.
We thank R. Ku¨chler, A. Sakai and C. Stingl for
collaborative work and H. Kusunose, J. Otsuki and
K. Hattori for helpful discussions. This work is fi-
nancially supported by the German Science Foundation
through project GE1640/8-1 and Grants-in-Aid from
MEXT/JSPS of Japan, Nos. JP15KK0169, JP15H05886
(J-Physics), JP18H01182 and JP18KK0078.
1 P. Gegenwart, Q. Si, and F. Steglich, Nat. Phys. 4, 186
(2008).
2 S. Doniach, Physica B+C 91, 231 (1977).
3 T. Onimaru, T. Sakakibara, N. Aso, H. Yoshizawa,
H. Suzuki, and T. Takeuchi, Phys. Rev. Lett. 94, 197201
(2005).
4 E. Bauer, N. Frederick, P.-C. Ho, V. S. Zapf, and
M. Maple, Phys. Rev. B 65, 100506 (2002).
5 M. Tsujimoto, Y. Matsumoto, T. Tomita, A. Sakai, and
S. Nakatsuji, Phys. Rev. Lett. 113, 267001 (2014).
6 T. Onimaru, K. Izawa, K. Matsumoto, T. Yoshida,
Y. Machida, T. Ikeura, K. Wakiya, K. Umeo, S. Kittaka,
K. Araki, T. Sakakibara, and T. Takabatake, Phys. Rev.
B 94, 075134 (2016).
7 A. Sakai and S. Nakatsuji, J. Phys. Soc. Jpn. 80, 063701
(2011).
8 T. Onimaru and H. Kusunose, J. Phys. Soc. Jpn. 85,
082002 (2016).
9 T. Onimaru, K. Matsumoto, Y. Inoue, K. Umeo, T. Sakak-
ibara, Y. Karaki, M. Kubota, and T. Takabatake, Phys.
Rev. Lett. 106, 177001 (2011).
10 T. Onimaru, N. Nagasawa, K. T. Matsumoto, K. Wakiya,
K. Umeo, S. Kittaka, T. Sakakibara, Y. Matsushita, and
T. Takabatake, Phys. Rev. B 86, 184426 (2012).
11 A. Sakai, K. Kuga, and S. Nakatsuji, J. Phys. Soc. Jpn.
81, 083702 (2012).
12 Y. Machida, T. Yoshida, T. Ikeura, K. I. A. Nakama,
R. H. Y. Aoki, H. Sato, A. Sakai, S. Nakatsuji, N. Na-
gasawa, K. Matsumoto, T. Onimaru, and T. Takabatake,
J. Phys.: Conf. Ser. 592, 012025 (2015).
13 K. Matsubayashi, T. Tanaka, A. Sakai, S. Nakatsuji,
Y. Kubo, and Y. Uwatoko, Phys. Rev. Lett. 109, 187004
(2012).
14 T. Nasch, W. Jeitschko, and U. Rodewald, Z. Naturforsch.
52, 1023 (1997).
15 D. L. Cox and A. Zawadowski, Adv. Phys. 47, 599 (1998).
16 T. Ikeura, T. Matsubara, Y. Machida, K. Izawa, N. Naga-
sawa, K. T. Matsumoto, T. Onimaru, and T. Takabatake,
J. Phys. Soc. Jpn. 3, 011091 (2014).
17 I. Ishii, H. Muneshige, Y. Suetomi, T. K. Fujita,
T. Onimaru, K. Matsumoto, T. Takabatake, K. Araki,
M. Akatsu, Y. Nemoto, T. Goto, and T. Suzuki, J. Phys.
Soc. Jpn. 80, 093601 (2011).
18 S. Hoshino, J. Otsuki, and Y. Kuramoto, Phys. Rev. Lett.
107, 247202 (2011).
19 J. S. van Dyke, G. Zhang, and R. Flint, arXiv:1802.05752
(2018).
20 P. Chandra, P. Coleman, and R. Flint, Nature 493, 621
(2013).
21 R. Ku¨chler, A. Wo¨rl, P. Gegenwart, M. Berben, B. Bryant,
and S. Wiedmann, Rev. Sci. Instrum. 88, 083903 (2017).
22 R. Pott and R. Schefzyk, J. Phys. E 16, 444 (1983).
23 Y. Saiga, K. Yuta, K. Matsubayashi, T. Fujiwara,
M. Kosaka, S. K. M. Hedo, T. Matsumoto, and Y. Uwa-
toko, J. Phys. Soc. Jpn. 77, 053710 (2008).
24 P. Gegenwart, Rep. Prog. Phys. 79, 114502 (2016).
25 A. de Visser, A. Lacerda, P. Haen, and J. Flouquet, Phys.
Rev. B 39, 16 (1989).
26 A. de Visser, P. Haen, P. Lejay, and J. Flouquet, Journal
de Physique Colloques 49 (1988).
27 K. Lea, M. Leask, and W. Wolf, J. Phys. Chem. Solids
23, 1381 (1962).
28 K. Iwasa, H. Kobayashi, T. Onimaru, K. Matsumoto,
N. Nagasawa, T. Takabatake, S. Ohira-Kawamura,
T. Kikuchi, Y. Inamura, and K. Nakajima, J. Phys. Soc.
Jpn. 82, 043707 (2013).
29 T. Takeuchi, S. Yasui, M. Toda, M. Matsushita, S. Yoshi-
uchi, M. Ohya, K. Katayama, Y. Hirose, N. Yoshitani,
F. Honda, K. Sugiyama, M. Hagiwara, K.Kindo, E. Ya-
mamoto, Y. Haga, T. Tanaka, Y. Kubo, R. Settai, and
Y. Onuki, J. Phys. Soc. Jpn. 79, 064609 (2010).
6Supplemental Material for “Highly anisotropic strain dependencies in PrIr2Zn20”
I. EFFECT OF SAMPLE MISALIGNMENT
In this section we discuss the effect of a misalignment between the crystallographic [001] direction and magnetic
field on the critical field of antiferroquadrupolar order Bc. Since Bc of PrIr2Zn20 is highly anisotropic, with Bc,[001] ≈
5 T< Bc,[110] ≈ 10 T< Bc,[111] ≈ 12 T, a slight misalignment of the [001] direction should cause an increase of Bc.
Since longitudinal and transverse thermal expansion/magnetostriction were determined in two independent mea-
surements it is important to compare the values of Bc for both measurement directions. In the measurement of
longitudinal thermal expansion/magnetostriction the magnetic field is applied along the measurement direction of
the relative length change. Therefore, simply the dilatometer itself has to be aligned parallel to magnetic field. The
sample alignment in the transverse measurement is more difficult, as the sample has to be aligned carefully ”by eye”
and use of a special template inside the dilatometer at first. Afterwards, the dilatometer is rotated by 90 degrees. To
reveal a possible sample misalignment Fig. 5 shows a comparison of the longitudinal and transverse magnetostriction
coefficients (λ‖ and λ⊥), whereby λ⊥ is multiplied by a factor -2 for a better comparability of the Bc values. It shows
that Bc of λ⊥ is slightly increased (approximately 3%) as compared to λ‖. This suggests a small misalignment for the
measurement of the transverse magnetostriction. Based on the geometry of the sample, the misalignment must be
caused by a slight tilting from the crystallographic [001] direction towards the [011] direction with respect to magnetic
field. To estimate the misalignment angle, we assume a linear field dependence of Bc between [001] and [011] direction.
Then, the shift of the critical magnetic field corresponds to a misalignment angle of approximately 1.3 degrees.
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FIG. 5. Comparison of the critical magnetic field Bc for the longitudinal and transverse magnetostriction coefficients (λ‖ and
λ⊥). For better comparability, the λ⊥ data is multiplied by a factor -2.
Even though the effect of the misalignment is small it is of relevance for the calculation of the volume magne-
tostriction. At the lowest measured temperatures 0.07 K and 0.11 K, the longitudinal and transverse magnetostriction
exhibit a sharp anomaly at Bc with opposite signs. Thus, already a very small shift of Bc in λ⊥ results in an extrinsic
anomaly in λV = λ‖ + 2λ⊥. With increasing temperature, the extremum in the linear magnetostriction coefficients
broadens and the misalignment effect is less critical.
To correct this error we scaled the B value of the λ⊥ data by a constant factor Bc,λ‖/Bc,λ⊥ = 0.968. This factor
was determined at 0.07 K, where the extremum is the sharpest. Fig. 6 shows the rescaled λ⊥ data (multiplied by a
factor -2 for better comparability) and the λ‖ data.
Fig. 7 gives a comparison between λV calculated (a) from the raw λ⊥ data and (b) from the corrected λ⊥ data.
The distinct feature around Bc in λV (Fig. 7 a) shows that the slight shift of the critical field in the transverse
measurement causes a significant error in the λV data. λV calculated from the corrected λ⊥ data (Fig. 7 b) is close
to zero in the whole magnetic field range. Around Bc a very small enhancement of λV ≈ 1 · 10−6 T−1 appears. The
little data variations at high magnetic fields are caused by quantum oscillations.
70 2 4 6 8 1 0 1 2
- 3 0
- 2 5
- 2 0
- 1 5
- 1 0
- 5
0

(10
-6  T
-1 )
B  ( T )
0 . 4  K
0 . 9  K
-      ||
∆   - 2  ⊥
B  | |  [ 0 0 1 ]
0 . 2  K   
T  =  0 . 0 7  K
C O R R E C T E D  D A T A
FIG. 6. Longitudinal and transverse magnetostriction coefficients (λ‖ and λ⊥). For better comparability, λ⊥ is multiplied by
a factor -2. The B value of the λ⊥ data is scaled by a factor 0.968 to correct a small misalignment in magnetic field.
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FIG. 7. Longitudinal (λ‖), transverse (λ⊥) and volume (λV = λ‖ + 2λ⊥) magnetostriction coefficients for (a) raw λ⊥ data and
(b) corrected λ⊥ data. (a) λV shows an extrinsic anomaly around Bc at the lowest temperatures, due to the misalignment in
the λ⊥ measurement. (b) λV, which is calculated by the corrected λ⊥ data, is very small in the whole field range.
II. COMPARISON BETWEEN MEAN-FIELD CALCULATION AND EXPERIMENT AT LOW
MAGNETIC FIELDS
In this section we present a comparison between experimental data and mean-field calculation for the longitudinal
thermal expansion coefficient (α‖) in the range B < 4 T. As already mentioned in the main text, there are significant
differences to the experiment for B ≤ 4 T. The large deviations clearly show that a theoretical treatment which goes
beyond the simple mean-field calculation is required to describe the system at low magnetic fields. A comparison
between experimental data and calculation is shown in Fig. 8. For B < 3 T the calculation exhibits a large anomaly
due to the antiferroquadrupolar ordering.
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FIG. 8. Mean-field calculation (dashed lines) and experimental data (solid lines) for the longitudinal thermal expansion
coefficient (α‖) for magnetic fields B ‖ [001] in the range B ≤ 4 T.
